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Introduction 49
Wilms' tumour 1 (WT1) is a zinc finger transcription factor that regulates key developmental 50 stages of several mesodermal tissues including the kidneys, gonads and coronary not observed in uninjured zebrafish controls (Figure 1c) or in notochord injured 114 Tg(wt1a:GFP) transgenic larvae (data not shown). Histological staining of the damaged area 115 revealed the presence of a subpopulation of cells at the site of injury, which contrasted 116 morphologically with the uniform, vacuolated inner cells of the notochord (Figure 1d) . These 117 cells stained positively for GFP and for endogenous Wt1 protein by immunohistochemistry, 118 validating the faithful expression of the transgene with endogenous wt1b expression in this 119 response (Figure 1e) . Thus, following notochord injury, an unanticipated expression of wt1b 120 marks a subpopulation of cells that emerges in the notochord and is associated with the 121 wound.
wt1b expressing cells emerge from the notochord sheath 123
To determine the origin of the wound-specific wt1b+ cells, we examined wt1b expression in 124 the notochord and vacuolated cells, using a Tg(SAGFF218:GFP) transgenic line that labels 125 the membrane of the inner vacuolated cells and Tg(col2a1a:RFP) that is specifically 126 expressed in the surrounding notochord sheath cells (Figure 2a ; Yamamoto et al., 2010 and 127 Dale and Topczewski, 2011) .
128
A needle-induced notochord wound in the Tg(SAGFF214:GFP) transgenic line showed that revealed wt1b:GFP expression in the col2a1a:RFP notochord sheath cells following needle 141 induced notochord damage (Figure 2 b-d; Video 1; Supplementary Figure 2c,d ).
142
Wt1b:GFP co-expression with col2a1a:RFP was visible by 24 hpi in a ring surrounding the 143 notochord vacuolated cells, and by 72 hpi the wt1b:GFP subpopulation of sheath cells had 144 migrated into the inner lumen of the notochord to fill the wound and produce a visible stopper-145 like seal in the notochord.
146
To validate the co-expression of wt1b:GFP and col2a1a:RFP in the wounded fish, we FACS 147 sorted cell populations in the injured versus uninjured larvae isolated from the trunk region 148 (Figure 2e ; n = 35 larvae per set). While GFP+ only and RFP+ only expressing cells were 149 found in both injured and non-injured larvae, only the wounded fish had cells that co-150 expressed wt1b:GFP and col2a1a:RFP (GFP+RFP+; 289 cells vs. 3 cells respectively).
151
Our evidence indicates that the notochord wound triggers a unique wt1b+ subpopulation to 152 emerge in the notochord sheath cells. This wt1b+ sheath cell subpopulation migrates into the 153 wound and generates a stopper-like structure, possibly to prevent further loss of notochord 154 turgor pressure and maintain notochord integrity.
155
Notochord wounds express cartilage and mesenchyme genes
156
To address the molecular process at the site of the wound, we compared the transcriptome of chondrogenic features in the injured tissues. Chondrogenic cells in the endochondral tissues 167 of the craniofacial, fin bud and axial skeletons express mgp (Gavaia et al., 2006) and FXIIIA 168 expression is localized to the developing chondrogenic mesenchyme of the pectoral fin bud 169 (Deasey et al., 2012) . The expression of cartilage genes was unexpected because 170 ossification of the zebrafish notochord occurs via the formation the chordacentra, and does 171 not require the establishment of cartilage anlagen (Flemming 2004; Bensimon-Briti et al., 172 2012; Lefebve & Bhattaram, 2010) . To examine the expression of other chondrogenic genes,
173
we analyzed the top 100 significant genes and found an increase in expression in Sox9, the 174 master regulator of chondrogenesis, five collagen genes associated with chondrogenic 175 tissues (col2a1a, col2a1b, col11a2, col9a1 and col9a2), the cartilage specific extracellular 176 structural protein Aggrecan, a microRNA regulator of chondrogenesis microRNA140 and the 177 matrix-cell anchor protein chondroadherin (chad) (Figure 3e ). Our results reveal that 178 notochord wounding leads to an unexpected increase in expression of genes associated with 179 cartilage.
180
Extra vertebra forms at the repair site via an unusual cartilage intermediate
181
The expression of cartilage genes suggests that the notochord wound may induce a 182 previously unknown and alternative bone development process. We stained injured and 183 control animals with alcian blue and alizarin red stains, which highlight the cartilage and bone 184 respectively. Cartilage was clearly visible at the site of injury as soon as 3 dpi. This staining 185 was significantly stronger and distinct from the highly coordinated segmental cartilage 186 staining that normally occurs during zebrafish vertebra development, which is clearly visible in 187 both injured and non-injured controls by 14 dpi (Figure 4a) . Similarly, the alizarin red dye 188 identified the anterior to posterior forming chordacentra rings during larval development.
189
However, in injured zebrafish larvae, the normally uniform mineralization pattern was 190 interrupted around the site of damage, leading to delayed formation of the chordacentra at 191 later stages (Figure 4a ).
192
By 18 dpi, the injured site began to express bone matrix, and was visibly flanked by cartilage 193 expressing segments (Figure 4b) . This was unusual because in development of the 194 vertebrae, cartilage and bone stains mark distinct regions of the notochord. To evaluate the 195 uninjured age-matched controls (Figure 4 c-e ).
200
The notochord provides signals for the patterning of vertebral and spine formation via the 201 patterned activation of various signals, and has been proposed to be an essential component 202 of chordacentra formation (Flemming et al., 2004; Bensimon-Brito et al., 2012) . The 
211
Embryonic wt1b+ subpopulations perdure into the adult vertebrae
212
We noticed that the Tg(wt1b:GFP) transgene expression was always associated with the site 213 of new vertebrae formation in the injured zebrafish that were raised to adulthood. To 214 determine if wt1b expression was transient at the wound, or sustained throughout the repair 215 process, we raised needle injured Tg(wt1b:GFP; casper) zebrafish larvae for up to 38 days 216 (Figure 6a ).
217
GFP expression was sustained at the wound site, remaining in a small, cellular population at 218 the site of damage, even as chordacentra developed and mineralized around the notochord 219 over time (Figure 6a, b, c) . Small GFP expressing cells were further confirmed by -GFP 220 staining at the site of damage (Figure 6b ) Strikingly, the Tg(wt1b:GFP) transgene maintained 221 expression at this site up to 38 dpi (Figure 6d ) before eventually reducing expression.
222
To gain a better understanding of how wt1b:GFP expressing cells engage with the newly 223 forming vertebrae, we carried out confocal imaging of the area of damage. The analysis 224 subpopulation of cells that are rapidly activated at the site of the wound and also that these 229 cells persist until adulthood, possibly orchestrating local vertebrae formation.
231
Discussion 232 Our analysis has uncovered wound-specific cellular heterogeneity in the zebrafish notochord 233 that perdures during adult vertebra formation at the injury site (Figure 7) .
234
Despite wt1b having no reported role in notochord development, and despite not being 235 expressed in the notochord, we identified a specific de novo expression of wt1b following 236 notochord wounding. The activation of wt1b in sheath cells that migrate into the notochord is 
242
Wounding leads to localized wt1b expression in the notochord sheath cells that invade the 243 site of the injury to form a stopper-like structure, likely to maintain notochord integrity. Very 244 recently, Bagnet and colleagues reported the identification of notochord sheath cells involved 245 in the replacement of vacuolated cells lost due to motion-dependent mechanical damage to 246 the notochord (Garcia et al., 2017) . In this context, sheath cells invade the vacuolated cell 247 layer and differentiate into vacuolated cells to maintain turgor pressure. In light of this report,
248
we have reanalysed our image analysis, but find no evidence to support that wt1b cells 249 become vacuolated cells following acute wounding. In contrast, we find wt1b-expressing cells 250 tightly associated with a stopper-like (scar-like) structure and continued wt1b expression at 251 the wound site even during formation of an ectopic vertebra. We also detected entpd5 252 expressing cell subpopulations at the wound that are distinct from wt1b expressing cells.
253
These studies highlight a previously unknown complex and heterogeneous nature of the 254 sheath, and suggest that the notochord sheath can sense and respond to different types of 255 damage. Motion-dependent shear stress causes loss of vacuolated cells that are replaced by 256 new vacuolated cells that arise from the sheath (Garcia et al., 2017), while acute damage (i.e.
257
needle injury) that encompasses sheath and vacuolated cell damage, leads to sheath cells 258 forming a seal that marks the site of new cartilage and vertebra (Figure 7) .
259
By leveraging gene expression profiling of the wounded tissue, we discovered an alternative 
289
Injured larvae were transferred to fresh water to recover and observe. Non-injured age-290 matched larvae were grown as non-injured controls. (a) Schematic diagram of the notochord and transgenic lines used in this study. The notochord is composed of an inner population of highly vacuolated cells (green arrow), surrounded by a layer of epithelial-like sheath cells (red arrow), encapsulated by a thick layer of extracellular basement membrane (grey arrow).
(b) Schematic of experimental design: 3dpf Tg(wt1b:GFP; col2a1a:RFP; casper) larvae were needle-injured and imaged at 0, 24 and 72 hpi.
(c) Needle damage led to the formation of a cell-less gap in the layer of notochord sheath cells (0 hpi -injured; dashed line). GFP expression can be observed in the notochord sheath cells surrounding the area of damage by 24 hpi (inset) and these appear to engulf the injured area by 72 hpi (inset). n >10; experimental replicates > 10. Scale bar: 100μm. (a) Experimental plan: 3 dpf Tg(wt1b:GFP) larvae were needle injured and grown for 72 hours with uninjured age-matched controls (n = 50 larvae per group).
(b) Schematic of the area around the wt1b:GFP expression was excised at 72 hpi (dotted area) and RNA was extracted and amplified. A similar area was taken from age-matched uninjured controls.
(c) Volcano plot displaying the differentially expressed genes between injured and non-injured larvae. The y-axis measures the mean expression value of log 10 (p-value) and separates upregulated from downregulated genes. The x-axis represents the log2 fold change of expression. Significantly upregulated genes are shown as green circles or dots and downregulated genes are shown as red circles or dots. Green dotted line represents the p-value threshold (p < 0.05) and blue dotted line represents the false discovery rate (FDR) or q-value threshold (q < 0.05). Genes with highest expression change in magnified view.
(d) (e) The relative vertebra size difference (Δ size) between vertebrae at the site of injury (injured) and vertebrae in non-injured areas (uninjured). Vertebrae at the site of injury were significantly smaller than uninjured vertebrae (Unpaired t-test; *** p < 0.0001 two-tailed; mean +/-SEM uninjured larvae =0.9506 +/-0.02102 n = 7; mean +/-SEM injured larvae =0.7432 +/-0.0284 n = 7; measurements taken at 30 and 38 dpi). (a) Images of wt1b:GFP zebrafish following needle injury at 3dpf and raised to 28 dpi. n >10; experimental replicates = 4. Scale bar left panels: 100μm; scale bar right panels: 200μm.
(b) α-GFP staining of 28 dpi larvae at the site of the healing notochord wound and in the kidney. n = 5; experimental replicates = 1. Scale bar left panels: 50μm.
(c) Image of fish from Figure 5A , stained with alizarin red and imaged for wt1b:GFP expressing cells. GFP positive cells are found within the ectopic vertebra (white arrow and inset). n = 4; experimental replicates = 1. Scale bar left panels: 100μm.
(d) Long term follow up of alizarin red stained Tg(wt1b:GFP; casper) larvae shows that chordacentra formation is delayed around the site of injury. GFP cells mark the site of the future ectopic vertebra. n = 6; experimental replicates = 2. Scale bar: 100μm; scale bar zoomed images: 50μm (e) Confocal imaging of 15, 21 and 28 dpi larvae reveals an overlapping expression between the wt1b:GFP expressing cells and the forming chordacentra (alizarin red stained) in the injured Tg(wt1b:GFP; casper) larvae. n >10; experimental replicates = 3. Scale bar:
100μm.
(f) Confocal imaging highlights the overlapping presence of bone (alizarin red stained) and wt1b:GFP cells at the wound in 18 dpi larvae (arrow). n >10; experimental replicates = 3. Scale bar: 100μm. 
